Grind hardening process utilizes the heat generated in the grinding area for the surface heat treatment of the workpiece. The workpiece surface is heated above the austenitizing temperature by using large values of depth of cut and low workpiece feed speeds. However, such process parameters combinations result in high process forces that inhibit the broad application of grind hardening to smaller grinding machines. In the present paper, modelling and predicting of the process forces as a function of the process parameters is presented. The theoretical predictions present good agreement with experimental results. The results of the study can be used for the prediction of the grind-hardening process forces and therefore, optimize the process parameters so as to be used with every size grinding machine.
BACKGROUND
Grind-hardening is a special grinding process that can simultaneously harden and grind roughly a workpiece. The process is based on the utilization of the process generated heat for inducing a suitable temperature field on the workpiece, capable of producing high surface hardness. This is achieved as the dissipated heat and the subsequent quenching of the workpiece induce martensitic transformation to the workpiece surface.
The grind-hardening process is a relatively new one that was introduced by Brinksmeier and Brockhoff [1] . The main process parameters are the workpiece speed, the depth of cut, the cutting speed, the workpiece material and the grinding wheel type. Most of the published works have been concentrated on modelling the effect of these process parameters on Hardness Penetration Depth (HPD) and hardness distribution. Brockoff [2] and Brinksmeier et al. [3] presented experimental works whereas Chryssolouris et al. [4] and Salonitis et al. [5 -7] dealt with the grindhardening subject on a theoretical basis.
Few papers presented have focused on the prediction of the process forces induced by the grind-hardening process. Some first experimental trends where identified by Brockoff [2] . Chryssolouris et al. [4] for the prediction of the heat flux generated in the grinding zone, have estimated theoretically the grinding forces from the average contact pressure that grinding wheel exerts on the workpiece material.
Grind-hardening process present a lot of similarities with conventional grinding in terms of process mechanisms. A number of models have been presented for The International Journal of Advanced Manufacturing Technology January 2014, Volume 70, Issue 1-4, pp [523] [524] [525] [526] [527] [528] [529] [530] estimating the grinding forces in a number of different grinding processes, such as conventional pendulum grinding, creep feed grinding and high efficiency deep grinding. Chang and Wang [8] considered the random nature of grit distribution as an important criterion. Durgumahanti et al. [9] modelled mathematically both tangential and normal components of chip formation force, sliding force and ploughing force and experimentally validated for conventional grinding process. One of the most most popular grinding forces model was developed for estimating the normal component of force by Werner [10] and was recently revisited by Mishra and Salonitis [11] for the case of creep feed grinding. One key finidng of the literature review is that almost all available grinding force models are empirical and rely on a big number of experimental data for estimating their coefficients. Furthermore, they relate grinding forces only to the process parameters and no model has been presented up to now able to take into consideration the characteristics and specifications of the grinding wheel.
The process forces are one of the most important parameters in evaluating the entire grinding process. The normal forces affect the surface deformation and roughness of the workpiece, while the tangential grinding forces influence the power consumption and service life of the grinding wheel. In the case of grind-hardening, these forces are quite higher than the ones measured during the conventional grinding process, inhibiting the broad application of grind-hardening to smaller grinding machines.
The scope of the present paper is to investigate the effect of the process parameters and the grinding wheel specifications (structure, hardness and grain size) on the induced process forces of grind-hardening.
THEORETICAL ANALYSIS
The theoretical estimation of grinding forces is based on authors' previously published study [7] , and presented here in greater detail. The grinding forces can be analysed into a tangential (F t ) and a normal component (F n ). Alternatively grinding forces can be also described by their horizontal (F h ) and vertical (F v ) components as can be seen in Figure 1 . Since the diameter of the grinding wheel is much larger than the depth of cut, the horizontal component can be assumed to be identical to the tangential one.
The common practice in papers found in the literature is to obtain the total grinding force by summing up the grinding force exerted by each individual grain in the grinding zone [12 -15] . Alternatively, the total grinding force can be represented as the sum of the grinding force exerted for the chip formation, for the plastic deformation (plowing) of the workpiece and for the sliding of the grinding grains on the workpiece surface.
where F t,sl , F t,ch and F t,pl are the tangential force for sliding, for chip formation and for plowing respectively. The cutting forces include the forces exerted for chip formation and plowing:
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Sliding forces
Malkin [16] , based on experimental results, has correlated the sliding forces with the friction coefficient between the workpiece material and the grinding wheel, the average contact pressure and the area of contact:
where  is the friction coefficient between the workpiece material and the abrasive grains, p m is the average contact pressure of the abrasive grains on the workpiece and A a is the actual area of contact between the abrasive grains and the workpiece.
Average contact pressure
Malkin [16] has conducted a number of experiments with various grinding wheels and different process parameters and has proved that the average contact pressure depends solely on the cutting curvature difference. In the case of the grinding wheel speed u s being significantly higher than the workpiece speed u w , the average contact pressure can be estimated by [4] :
where d e is the equivalent diameter, and k 1 and k 2 are linear coefficients that are experimentally defined and can be considered to be a function of processing environment (grinding machine, coolant type etc.).
Actual area of contact
The actual area of contact between the grains and the workpiece depends on the process parameters and on the grinding wheel composition. The specification of a grinding wheel describes comprehensively its composition.
It is assumed that the heat is generated only between the grains and the workpiece material. Therefore, the actual area of contact is the product of the number of active grains n a adjacent to the workpiece surface and the average wear flat area A g per grain.
The number of active grains can be determined as a fraction of the number of static grains in the grinding zone.
where Φ a is the fraction of static grains that are active.
A simple estimation of the number of static grains intersected by the grinding arc area can be determined by considering a finite volume including all the grains in the contact area, as it can be seen in Figure 2 . This finite volume will have its three dimensions equal to contact length, grinding wheel width and grain height. The grains are considered spherical, thus the height of each grain will be equal to the average grain diameter. The total number of static grains can be considered to be the maximum number of grains included in the finite volume, and can be estimated using the following equation:
Where V g is the volumetric concentration of abrasive grains in the wheel, l c is the geometric length of contact zone (l c =√ ), d e is the equivalent diameter, a e is the depth of cut, b is the grinding wheel width and d g is the average diameter of the grains.
The average grain diameter is correlated with the grain size number M from the grinding wheel marked with the following equation:
The above equation approximates the grit dimension d g as 60% of the average spacing between adjacent wires in a sieve, whose mesh number equals the grit number M.
The volumetric concentration of the abrasive grains, the grain diameter and the porosity of the grinding wheel are characteristics defined while it is being manufactured and its specifications are depicted qualitatively in its specifications.
Malkin [16] has expressed the volumetric concentration of abrasive grains as a function of the wheel structure number S:
The fraction of active grains depends on a number of factors, such as the elasticity and the deformation of the grinding wheel, as well as of the workpiece during the grinding process, etc. For the needs of the present paper, it is assumed that the fraction of active grains is a function of the volumetric concentration of the bonding material on the grinding wheel since this parameter greatly affects the elasticity of the grinding wheel. Since a grinding wheel is composed of grains, bonding material and air (as internal pores), as can be seen in Figure 4 , the volumetric concentration of bonding (V b ) can be estimated from the following equation:
The volumetric concentration of grains (V g ) can be estimated from equation (9), whereas for the volumetric concentration of the pores (V p ) is a function of the "hardness" number of the grinding wheel, the following equation can be used [16] .
Where n is an integer (n=1, 2, 3, 4,…) corresponding to the hardness letter (E, F, G, H, …), respectively. The above equation is valid for grinding wheels having V g ≤ 60 %.
For extracting the relationship between the fraction of the active grains and the volumetric concentration, the experimental data stated in [17] and [18] were used. 
The fraction active grains can therefore be determined by the following equation:
The International Journal of Advanced Manufacturing Technology January 2014, Volume 70, Issue 1-4, pp [523] [524] [525] [526] [527] [528] [529] [530] For the definition of the reference fraction the results of Hou and Komanduri [18] have been used. Based on the statistical distribution of abrasive grains to the surface of a grinding wheel and the loading conditions, they have shown that although the number of grains passing through the grinding zone may be a million or more per second, the actual contacting grains are only a small fraction of those (3 -4%) and the actual cutting grains even less (0.15%). This result was obtained for a conventional alumina wheel A46H8V, and thus, the proposed model for estimating the fraction of grains that are active was calibrated for bonding material H, and fraction 3.8 %. For assessing this reference value, in the same paper, in the case of a high material removal rate grinding process, the fraction of the active grains was estimated to be 18% (for grinding A24R6B). The proposed model, for such wheel specifications, estimates the fraction to be 19.5 %.
Average wear flat area
The average wear flat area is considered to be equal to that of a circle having diameter l wf equal to the two-thirds of the average grain diameter:
Combining equations (2-9) result in the tangential grinding forces due to the grits sliding on the workpiece.
Sliding forces estimation
Based on equation (3) 
Cutting forces
The cutting forces can be determined from the specific energy which is defined as the energy expended per unit volume of material removed. The specific energy is given by equation [19] : 
The
From equations (10) and (11), the cutting forces can be estimated using the following closed format equation: 
THEORETICAL RESULTS
The model was solved for assessing the effect that process parameters (depth of cut and workpiece speed) and the grinding wheel characteristics (structure, hardness and grain size) have on the grinding forces. The workpiece material considered in the present study, is a typical bearing steel 100 Cr 6. Furthermore, the contribution of the cutting forces to the total forces exerted during grind hardening is discussed. In Table 1 , the values of the various coefficients used in the analysis, are presented.
Cutting forces
The analysis revealed that the grinding wheel characteristics affect the cutting forces exerted for chip formation and plowing. It was found that cutting forces account typically for less than 3% of the total forces. The model predicts that the cutting forces are increased with the depth of cut, whilst the workpiece speed has a negligible effect on them. Furthermore, the utilization of grinding wheels with finer grits -high grain size number -increases the cutting forces. Additionally, harder grinding wheels increase slightly the cutting forces ( Figure 5 ). The structure of the grinding wheel was found to have insignificant effect on the cutting forces.
Process parameters and grinding wheel effect
The theoretical results showed that the depth of cut has a significant effect on the process forces, whereas the increase of the workpiece speed results in slightly higher process forces ( Figure 6 ).
The hardness of the grinding wheel affects significantly the grinding forces ( Figure   6 ). Utilization of softer wheels results in reduced process forces since grain and bonding fracture occurs more easily and consequently fewer grains interact with the grinding wheel. Using one grade softer grinding wheel in the same process parameters, results in reduced process forces in an average of 10 -15 %.
The structure number of a grinding wheel represents its porosity. Figure 7 shows that the model predicts increased process forces for "dense" grinding wheels. This is justified by the fact that when using closed structured (denser) wheels, more grains are involved in the process and thus, the actual area of contact in is bigger. Using one grade denser grinding wheel in the same process parameters, results in increased process forces in an average of 5 -8 %.
The grain size has the smallest effect on the process forces. Utilization of grinding wheels with finer grits results in slightly higher process forces since more grains are involved in the process, and therefore more chips are formed, whilst the cutting forces are increased. The sliding forces, on the other hand, do not depend on the grit size. However, taking into account that the sliding forces are one order of magnitude larger, the overall forces are only slightly increased (Figure 8 ). Using a grinding wheel with finer grits by one grade, in the same process parameters, results in increasing the process forces on average by less than 2 %.
EXPERIMENTATION

Experimental setup
For the experimental verification of the model, a number of experiments were designed. Surface up grind-hardening tests were performed on 100 Cr 6 specimens (having rectangular geometry 150 x 80 x 10 mm) with 9 different grinding wheels (having 400mm diameter and 15 mm width). The experimental setup is presented in Table 2 , the grinding wheels' specifications that were used are listed in Table 3 The process forces increase as the depth of cut does too and when using grinding wheels presenting greater hardness ( Figure 9 ). The theoretical model could predict with fine accuracy the forces exerted with the use of medium to hard grinding wheels (average deviation from experimental measurements 4%). For softer grinding wheels, the theoretical model slightly underestimated the exerted forces (8% deviation).
The experimental results showed that by increasing the workpiece speed, the process forces increased as the theoretical model had predicted. The average deviation between the theoretical predictions and the experimental results for changing the workpiece speed varies from 5 to 12%, depending on the grinding wheel structure grade ( Figure 10 ).
Finally, the dependence of the grinding forces on the utilization of grinding wheels with different grit sizes is negligible and lies within the accuracy of the measuring cell used. A comparison with the theoretical predictions showed that the average deviation is in the range of 5 -9%.
These aforementioned deviations may be attributed to the assumptions made for the simplification of the model and the fact that the forces exerted on the workpiece and the grinding wheel by the coolant fluid are assumed minor.
Forces Ratio
Cai et al. [20] proved that when no chip forming occurs, the force ratio is identical to the friction coefficient between the grinding wheel and the workpiece. As it was shown in the theoretical results, the force exerted due to chip forming and plowing was negligible (less than 3% of the total forces) in comparison to the sliding force, therefore, the force ratio can be used for assessing the friction coefficient value assumed in the theoretical analysis. The experiments show a clearer dependence of the forces ratio on the workpiece speed. Therefore, the assumption of a constant friction coefficient is not so realistic, and may be considered as one of the reasons for the greater deviation shown between the experimentally measured forces and the theoretically predicted ones when changing the workpiece speed.
The friction coefficient value used for the theoretical calculations was estimated from literature [18] and can be estimated only experimentally. Its dependence on the workpiece material has not been investigated and it is something to be considered in future studies since in the present one only one workpiece material was considered.
CONCLUSIONS
The present study focused on the investigation of the effect the process parameters and grinding wheel characteristics have on the process forces exerted during the grind-hardening process. The developed model takes into consideration the structure, the hardness and the grain size of the grinding wheel.
The process forces are exerted for the sliding of the grits on the workpiece, the chip formation and the plowing of the wokrpiece material. The analysis showed that the sliding forces account for the 97 -99% of the total forces.
The process parameters affect the process forces, by increasing the depth of cut or the workpiece speed the grinding forces are increased. Furthermore, the process forces are increased when using grinding wheels with harder grade, denser structure or finer grits. The experimental results verified these trends and the theoretical model showed a maximum deviation of 12% from the experimental results. This deviation can be attributed to the assumption of constant friction coefficient and the neglecting of coolant fluid forces. 
